Thirteen retinoschisis males with genotyped XLRS1 gene mutations were examined by electroretinogram (ERG) techniques to determine photoreceptor involvement and ON-pathway and OFF-pathway sites of dysfunction. Parameters R max and log S determined by fitting the mathematical model of the activation phase of phototransduction to the scotopic and photopic a-wave responses, were not significantly different from normal. However, the XLRS photopic a-wave amplitudes were significantly lower than normal across all intensities, consistent with defective signaling in the OFF pathway. Long flash (150 ms) ON-OFF photopic responses showed reduced b-wave amplitude but normal d-wave amplitude, giving a reduced b/d ratio of B 1.32 Hz photopic flicker ERG fundamental frequency responses showed reduced amplitude and delayed phase, consistent with abnormal signaling by both the ON-and OFF-pathway components. These results indicate that the XLRS1 protein appears not to affect photoreceptor function directly for most XLRS males, and that ERG signaling abnormalities occur in both the ON-and OFF-pathway components that originate in the proximal retina.
Introduction
Juvenile retinoschisis is an X-linked recessive retinal dystrophy for which the classical understanding of the retinal pathology involves dysfunction of the proximal retina and anatomical splitting through the nerve fiber layer (Yanoff, Kertesz Rahn, & Zimmerman, 1968; Condon, Brownstein, Wang, Kearns, & Ewing, 1986) . Mü ller cells have been implicated by the electroretinogram (ERG) abnormalities, which typically show an 'electronegative' response, in which the b-wave is reduced disproportionately to a-wave changes (Tanino, Katsumi, & Hirose, 1985; Peachey, Fishman, Derlacki, & Brigell, 1987; Murayama, Chen, & Sieving, 1991) .
The XLRS1 gene that causes retinoschisis was cloned (Sauer et al., 1997) , and the XLRS1 message was found to be expressed in photoreceptors, demonstrated by in-situ hybridization and by immunolocalization (Reid et al., 1999; Trump et al., 1999; Reid, Yamashita, & Farber, 2000) . The protein has a discoidan domain that is evolutionarily conserved across a wide range of species, from the slime mold Dictyostellium all the way to human, and that may convey a biological property of adhesiveness (RS Consortium, 1998) . In rough terms, a disruption of the discoidan domain somehow leads to delamination of the inner retinal layers, thereby disrupting signaling in the proximal retina and altering the ERG (Condon et al., 1986) .
The presence of the XLRS1 protein in rod photoreceptors puts this dysfunctional protein more distal in the retina than was previously suspected by the few classical anatomical studies of post-mortem human eyes. A clinical feature of retinoschisis can involve altered retinal pigment epithelium (RPE) appearance, including granularity and, sometimes, macular atrophy in both early and more frequently later ages (our unpublished observation from about 120 genotyped XLRS families). There is also a clinically obvious al-tered RPE appearance in regions that have overlying schisis of the proximal retinal layers.
The primary expression of the XLRS1 protein in rods and cones raises the question of whether this might alter photoreceptor function. Focal ERGs in XLRS are reported to have a normal a-wave amplitude (Miyake, Shiroyama, Ota, & Horiguchi, 1993) , but Bradshaw et al. showed abnormalities in peak a-wave amplitude and latency for rod and cone responses (Bradshaw, George, Moore, & Trump, 1999) . We explored this question using classical techniques of electroretinography, and by determining photoreceptor sensitivity from analysis of the ERG a-wave elicited with a bright flash stimulus. We used a long flash stimulus to elicit the photopic ON -OFF ERG to examine whether the ON-or OFFpathways might be preferentially involved (Alexander, Fishman, Barnes, & Grover, 2000) . Further, since the flicker ERG originates primarily in the inner retina (Bush & Sieving, 1996) , we looked for systematic or characteristic changes in amplitude and phase of the fundamental or higher harmonics of the flicker ERG in XLRS.
Methods

Subjects
Thirteen XLRS patients (ages 11-47) at the Center for Retinal and Macular Degeneration at the University of Michigan served as subjects for the study. Informed signed consent was obtained from all subjects. Subjects were genotyped by sequencing the six XLRS1 exons sequentially, using the methods previously described (RS Consortium, 1998; Hiriyanna et al., 1999) . XLRS1 mutations were identified in 11 subjects, of which eight have been reported previously: subjects 105, 106, 107, 108, 109,110, 111 (RS Consortium, 1998) and subject 104 . No mutation was found for two affected brothers (subjects 112 and 113). However, they are part of an extensive XLRS pedigree that we previously mapped to the RS genetic interval (Pawar et al., 1996) . Control subjects ranged in age from 11 to 50 years old. We did not include patients older than 50 years in the analysis in order to minimize the effects of aging.
Psychophysical testing
For all subjects, best-corrected visual acuity was determined for each eye using the ETDRS letter charts at a 4 m viewing distance; color testing was done with the Farnsworth Panel D-15; Goldmann visual fields (I4e and V4e) were then obtained for both eyes. After 45 min of dark adaptation, rod psychophysical absolute thresholds were determined at central fixation, and at 60°in the peripheral visual field with a GoldmannWeekers dark-adaptometer (Haag Streit, Bern, Switzerland).
ERG recording
Pupils were dilated fully with 1% mydriacil and 10% phenylephrine HCl. Following topical corneal anesthesia with 1% proparacaine, ERGs were recorded with bipolar gold lens electrodes (Doran, Littleton, MA) with a ground electrode placed on the forehead.
Photopic ON-OFF recordings were obtained using 150 ms Ganzfeld stimuli, presented at 3.3 Hz, as described previously (Sieving, 1993) ; the light source was 200 cd/m 2 on a rod saturating background of 42 cd/m 2 , and four individual sets of averages of 20 sweeps were obtained for each subject. Data of 50 normal subjects from that study (Sieving, 1993) were used for comparison with photopic ON-OFF ERGs of 11 XLRS subjects.
Flicker ERGs were elicited with xenon flashes from 0.59 to 2.53 log td-s (PS-22 photo stimulator, Grass Instruments, Braintree, MA). A 32 Hz pulse train was presented for 20 s against a 42 cd/m 2 background in a Ganzfeld bowl, and two such recordings were made at each intensity level at an interval of 60 s. Responses were sampled at a rate of 6144 Hz per channel (192 points/cycle for 32 Hz), and a harmonic analysis was performed to generate a Fourier series as described previously (Sieving, Arnold, Jamison, Liepa, & Coats, 1998) . Photopic flicker ERGs were obtained from 20 control subjects and all 13 XLRS subjects.
After 45 min of dark adaptation, ERGs were recorded for a blue stimulus (Kodak Wratten 47) (xenon flash −0.82 log cd-s/m 2 ) and a white stimulus (xenon flash 0.83 log cd-s/m 2 ) in standard fashion (Sieving, 1993) . Bright-flash ERG a-wave responses were elicited by xenon flashes, color temperature 5500°K (Vivitar Model 283, Santa Monica, CA) presented in a Ganzfeld Bowl, with a maximum flash energy of 2.7 log cd-s/m 2 and 4.77 log scotopic td-s per flash measured using the IL1700 Research Radiometer (International Light, Newburyport, MA). Scotopic measurements were made directly with the detector and a CIE scotopic filter. The stimulus temporal profile was evaluated using a fast photodiode, and it peaked at 0.4 ms and decayed to half maximum within 1 ms and to 5% of maximum in 4 ms. ERGs were recorded from 12 control subjects and nine XLRS subjects. Flashes were spaced at intervals of 30 s to 2 min (lower versus higher intensities), and attenuated over a 3 log unit intensity range with neutral density filters (Kodak Wratten). Responses were amplified at 10,000 gain from 1 to 1000 Hz and digitized at 10 kHz. At the dimmer flashes, five responses were averaged, and at the brighter flashes, two responses were obtained at each intensity and averaged off-line. Cone responses were recorded every 15 s across the same intensity range on a rod saturating background of 3.3 log td, and these responses were computer-subtracted from the mixed rod-cone response to obtain the rod response (Hood & Birch, 1997) .
The leading edge of the rod a-wave (P3, Eq. (1), below) was fitted with the Hood and Birch version (Hood & Birch, 1993) of the Lamb and Pugh rod model of the biochemical processes involved in the activation of phototransduction (Lamb & Pugh, 1992) .
In Eq. (1), I is the flash energy, t is the time, R max is the maximum a-wave amplitude, S is the sensitivity parameter that scales I, and t eff is a brief delay that depends on the flash duration, filtering of the recording apparatus, and physiological delays (Hood & Birch, 1997) . Our maximum flash produces approximately 5.077× 10 5 photoisomerizations per rod per flash using the conversion parameters of the schematic normal eye (equation 20, 2.4.4, Wyszecki & Stiles, 1967; Breton, Schueller, Lamb, & Pugh, 1994) . Note that in the Hood and Birch model, it is not necessary to convert flash intensity into photoisomerizations since the parameter S is related to amplification A, as S = kA/2, (equation 3, Hood & Birch, 1994) , where the factor k converts td-s to photoisomerizations/rod. Thus, for our maximum flash of 4.77 log scotopic (scot) td-s, one scotopic troland is approximately 8.6 photoisomerizations/rod. The rod a-wave sensitivity parameter, S, is roughly constant at lower intensities and decreases at high intensities (Breton et al., 1994) . In order to observe this linear and nonlinear behavior of S, we fit the model to each individual flash, across a range of stimuli. The delay, t eff , was chosen as the onset of the a-wave for the brightest flash, and the best-fitting value of t eff was determined by estimating R max and S at the brightest flash for each control subject. For model fitting, t eff was set at the mean value obtained for the control group (Hood & Birch, 1996) and was fixed for subsequent lower intensities. The best fits of the model to the leading edge of the rod a-wave were obtained for a t eff of 3.3 ms for both control and XLRS subjects, which is comparable to the 3.2 ms reported by Hood & Birch (1996) . For the purposes of analysis, the leading edge of the a-wave was considered to terminate just before the upturn of the a-wave for the brighter flashes, or at 20 ms after flash onset for the weaker flashes. The model was fit to the a-wave elicited with the brightest flash while allowing R max and S to vary. R max was allowed to vary within 920% of the maximum a-wave amplitude recorded at the brightest flash (Smith & Lamb, 1997) . For subsequently lower intensities, S was allowed to vary while R max was fixed to the value obtained from the best fit of the brightest flash response.
For cone a-wave model fits, an additional stage of low-pass filtering with a time constant,~(Eq. (2)), was included in Eq. (1) to account for cone outer segment membrane capacitance (Pugh & Lamb, 1993; Hood & Birch, 1995) .
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. (2) In Eq. (2), the '' denotes convolution. Values of t eff ,~, and R max were fixed, and S was allowed to vary as for the rod a-wave fitting. The first 10 ms after flash onset were fitted by the model (Hood & Birch, 1995 . Since ERG responses are not normally distributed (Birch & Anderson, 1992) , the ERG data were converted to log values, as recommended by Birch and Anderson (1992) , and the XLRS and control groups were compared using the two-tailed t-test unless otherwise indicated. The means and standard deviations have been converted back to linear units for clarity.
Results
Rod and cone phototransduction
Rod a-wa6e amplitude
Fig . 1A shows the dark-adapted a-wave intensity series of a representative control and an XLRS subject. Fig. 1B shows the model fits to the rod a-waves of these subjects after computer subtraction of the cone component. The mean value of R max for XLRS subjects was not significantly smaller than the control mean (XLRS subjects: − 312.65 mV9 85.4 S.D., range: −205.2 to − 469.33 mV, n= 9; control subjects: −380.82 mV 9 77.26 S.D., range: − 294.7 to −535.6 mV, n=12; P= 0.09). Four of these XLRS males had an essentially normal R max lying within one standard deviation of the normal mean.
Rod a-wa6e sensiti6ity
Sensitivity was considered in two ways: first by normalizing the peak a-wave amplitude for each subject (Fig. 1C) at the brightest flash (4.77 log scot td-s) as suggested by Hood and Birch (Hood & Birch, 1997) , and second by fitting the leading edge of the a-wave with the model (Fig. 1B and D) . The normal mean was found by taking the average of the individual normalized a-waves of the 12 control subjects. As shown in Fig. 1C , the leading edge of the rod a-wave of the nine XLRS subjects (normalized for the brightest flash response) fell within the normal range, indicating that rod sensitivity was not impaired in these XLRS males. All of the individual variations for XLRS lay within the normal range. However, for all XLRS subjects, the onset of the b-wave was delayed compared to controls. Fig. 1D shows the log of sensitivity, S, determined from the model fits, as a function of flash energy. At the dimmest flash (1.77 log scot td-s), there was a large variability in log S, and in some cases, the traces at this intensity had to be excluded from the fitting for both control and XLRS subjects if the values of log S were extremely large or small. For flashes up to approximately 2.8 log scot td-s, log S of control subjects was roughly constant and decreased for brighter flashes. Log S of XLRS subjects was found to be constant up to 3.2 log scot td-s and then decreased for brighter flashes, similar to controls. At the brightest two flashes, the mean log S of XLRS was larger than the control. The XLRS log S curve appeared to be shifted downward and to the right relative to controls. However, the overall difference in log S across intensities between groups was not significant (P= 0.22, two-way ANOVA). Fig. 1E shows individual log S plots for the nine XLRS subjects over the lower flash energy range (1.77-3.17 log scot td-s). Seven XLRS subjects fell within normal range, and only subjects 102 and 112 had log S values that were lower than the control mean by more than one standard deviation. For flashes brighter than 2.77 log scot td-s, all subjects tracked the controls. At the brightest flash (4.77 log scot td-s), there was no significant difference in log S between any group (XLRS subjects: 0.59 log s − 2 (scot td-s) − 1 90.12 S.D., n= 9; control subjects: 0.51 log s − 2 (scot td-s) − 1 90.12 S.D., n = 12; P=0.17).
3.1.2.1. Scotopic b-wa6e. For completeness, we also looked at the scotopic b-wave. As has been reported by others (Peachey et al., 1987; Murayama et al., 1991) , dark-adapted b-wave amplitudes for the rod-isolating blue flash were significantly reduced for the XLRS subjects (XLRS subjects: 122.2 mV9 64.1 S.D., n=13; control subjects: 325.4 mV 9 82.71 S.D., n= 50; PB 0.0001). For a white flash at 0.83 log cd-s/m 2 , there was also a significant reduction in the b-wave amplitude (XLRS subjects: 83.6 mV 936 S.D., n = 12; control subjects: 257 mV9 59.1 S.D., n =50; P B 0.0001).
Cone a-wa6e
The photopic a-wave intensity series of a representative control and an XLRS subject are shown in Fig. 2A . Best fits of the cone a-wave to the model (Fig. 2B) were obtained for t eff at 1.8 ms and~at 1.8 ms for both control and XLRS subjects; these values are similar to those used in other human studies (Hood & Birch, 1995) .
The leading edge of the XLRS cone a-wave (normalized for the brightest flash response) fell within the normal range, and the trailing rising edge was less steep, similar to the findings for the rod a-wave (figure not shown). Cone sensitivity, log S, as determined by fitting Eq. (2) to the leading edge of the cone a-wave is shown in Fig. 2C . XLRS sensitivity tracked the controls for all intensities (P = 0.4, two-way ANOVA). At the brightest flash energy of 4.4 log phot-td-s, log S for XLRS was: 0.86 log s − 2 (phot-td-s) − 1 90.3 S.D., n = 9; control subjects: 0.88 log s − 2 (phot-td-s) − 1 90.2 S.D., n = 12; P=0.9. The maximum a-wave amplitude, R max , determined from the model fits tended to be smaller on average for XLRS subjects (XLRS subjects: −62.1 mV 9 20.3 S.D., range: −42.8 mV to − 100.1 mV, n = 9; control subjects: 102, 105, 106, 112, and 113) was 5 75% of the control mean; these were the same subjects who also had smaller rod R max values.
Photopic responses were analyzed by further determining the a-wave and b-wave intensity-response functions. The a-wave amplitude was lower than control by a relatively constant amount (Fig. 2D, top panel) across the flash energy range of 1.4-4.4 log phot td-s (PB 0.0001, two-way ANOVA). At the brightest flash, the XLRS a-wave amplitude was smaller at P= 0.08 than controls (XLRS subjects: − 62.9 mV9 17.7 S.D., range: −47.0 mV to −93.1 mV, n= 9; control subjects: − 77.5 mV9 16.3 S.D., range: −40.3 mV to −97.2 mV, n=12; P= 0.08).
We previously demonstrated that the monkey photopic a-wave below about 2.5 log phot td-s originates from the proximal retina postsynaptic to the cones, possibly from HBC activity (Bush & Sieving, 1994) . At higher intensities, the photopic a-wave response is dominated by the direct cone components, while the hyperpolarizing bipolar cell (HBC) component plateaus and makes a fairly constant contribution to the a-wave for higher intensities. However, the stimulus in that monkey study (Bush & Sieving, 1994 ) was a long-duration flash. We have now evaluated the cone a-wave in four monkeys using the same Ganzfeld high-intensity stimulus (Vivitar) that we used to study these XLRS subjects. Adequate measures were taken to minimize pain and discomfort to the animals. The new monkey results were essentially the same as in Bush and Sieving (1994) . Application of 2-amino-4-phosphonobutyric acid (APB) to block activity of depolarizing bipolar cells (DBCs) actually increased the a-wave amplitude at the higher intensities (not shown here). The subsequent addition of cis-2,3-piperidine-dicarboxylic acid (PDA) to also block activity of hyperpolarizing second-order retinal neurons (hyperpolarizing bipolar cells and horizontal cells) reduced the a-wave amplitude (PB 0.0001, two-way ANOVA) across all intensities (Fig. 2D , middle panel). This intensity profile is the same as that exhibited by the XLRS males (Fig. 2D, top panel) , in that the a-wave amplitude was lower by a relatively constant amount across all intensities, as would be the case if both DBC and HBC contributions were reduced (Sieving, Murayama, & Naarendorp, 1994) . The directly cone driven a-wave amplitude plateaued in the monkey response after chemical isolation, and this plateau is also seen for XLRS males.
There was also a significant reduction in the XLRS photopic b-wave amplitudes (Fig. 2D, lower panel) across the entire range (PB 0.0001, two-way ANOVA). XLRS subjects lacked the 'photopic hill' exhibited by the controls (Wali & Leguire, 1992) indicating that inner retinal activity is reduced. amplitude and phase, and two (subjects 104 and 111) had delayed phase despite amplitudes within the control range. Consequently, the phase of the flicker fundamental was quite sensitive in uncovering an ERG abnormality in XLRS.
Since the XLRS waveform looked different from the controls (Fig. 4A ), we were interested in learning whether XLRS flicker responses had any particular 'signature' of harmonic content. We looked at the nature of the first five flicker harmonic components across intensity. As the stimulus intensity increased, the amplitudes of all harmonics for XLRS increased in parallel with controls but were always smaller (Table  2 ). An overall difference (two-way ANOVA) was found between XLRS and controls in amplitude (PB 0.001) and in phase (PB 0.003) for harmonics 1-3 across stimulus intensity. We noted that the harmonic reconstruction of the original waveform could be made with a good fidelity using the first 3-5 harmonics. However, we could not discern any particular pattern of harmonic signature, as all harmonics were simply decreased. Table 3 summarizes the findings for all XLRS subjects, along with their mutations. The mean visual acuity (log MAR; log of the mean angle of resolution) of the 13 XLRS subjects was OD/OS: 0.51/0.43. In 10 of our 13 XLRS subjects, regions of both the I4e and V4e Goldmann visual fields were affected by peripheral 3.1.3.1. Photopic ON-OFF ERG. Fig. 3A shows a representative photopic ON-OFF ERG response of an XLRS subject, with a-and b-waves at stimulus onset, and the d-wave at stimulus termination. The normal ratio of b-to d-wave amplitude of unaffected control subjects is greater than 1.0 for these stimulus conditions (Sieving, 1993) . However, for seven of nine XLRS subjects tested, the b/d ratio was less than 1.0, with a mean of 0.72 (Fig. 3B) . The b-wave amplitude (P B 0.001) and the b/d ratio (PB 0.001) were both significantly reduced, whereas the d-wave amplitude was not different from the controls. Fig. 4A shows the flicker waveforms for a representative normal and an XLRS subject for the intensity range tested. The flicker results are conveniently summarized by a polar plot of the amplitude (represented as radius) and phase (timing) of the fundamental harmonic of the 32 Hz flicker ERG (Fig. 4B ) at flash energy 2.16 log td-s, for 19 eyes of 13 XLRS subjects (stars) and 40 eyes of 20 control subjects (circles). The mean values for amplitude and phase for the two groups are given in Table 1 (note that a phase of 319°corresponds to 27.7 ms implicit time, and 366°p hase corresponds to approximately 32 ms). The response amplitude (P B 0.001) and phase (P B0.001) of XLRS subjects were both significantly different from controls. Eleven males fell outside the norms for both or from shortened outer segments, either regional or widespread (Hood & Birch, 1994; Breton et al., 1994) . XLRS histopathology has shown degeneration of the retinal pigment epithelium (RPE) and photoreceptor damage (Yanoff et al., 1968; Condon et al., 1986; Ando et al., 2000) . Since the majority of eyes in our XLRS subjects showed RPE alteration in the peripheral retina, one might well expect some a-wave amplitude reductions. However, this was not the norm, as six of these nine males exhibited normal rod function including normal amplitudes, indicating that expression of the XLRS1 protein does not generally result in abnormal rod function. Further, rod sensitivity was within the normal range for seven subjects. The overall reduction in mean rod log S of XLRS subjects in the dimmer intensity range indicates an overall reduction in amplification, possibly interpreted as a reduction in the sensitivity to light at the cornea. This would result in fewer photoisomerizations causing the log S curve to shift downward and to the right. Since the majority of subjects fell within the normal range for log S, we cannot conclude from our results that the XLRS1 protein affects rod sensitivity. Furthermore, dark-adapted thresholds were within 0.3 log units of normal for 11 of 13 subjects. Subject 108 had extensive peripheral inner-layer schisis and widespread RPE whitish reticular degeneration, indicating outer retinal involvement, which would account for his elevated dark-adapted threshold. Despite this, however, his rod R max and log S were not compromised. As the majority of these XLRS males had normal threshold sensitivities, and normal or near normal rod function, the XLRS1 protein apparently does not affect rod function.
32 Hz flicker ERG.
There was an overall reduction in the photopic awave amplitudes across all intensities, but cone sensitivity remained unaffected, and cone R max although smaller, was within the normal range for eight of nine subjects. The relatively consistent amplitude difference between XLRS and controls in the photopic a-wave intensity-response function suggests a loss of HBC contribution to the response. This suggests that the representation of HBC/HzC activity in the photopic ERG is diminished in XLRS pathology and that blocking the activity of the DBC/ON-pathway alone would not account for the reduction that we observed in the photopic a-wave. The results gave no indication of specific impairment of cone-photoreceptor function in XLRS.
Photopic ON-OFF ERG recordings showed a reduced b-wave but normal d-wave amplitude, and a b/d ratio reduction in seven of nine XLRS subjects consistent with previous reports (Alexander et al., 2000) . We had previously found a similar b/d ratio reduction in a number of other disparate retinal degenerations (Sieving, 1993) , and consequently, this appears to be a schisis. Color discrimination was normal or affected only minimally. The dark-adapted absolute threshold at central fixation for controls was 1.66 log mAsb 90.17 S.D., n= 38 and for XLRS 1.69 log mAsb 9 0.54 S.D., n= 13; P=0.75. The threshold was within normal limits for 11 XLRS subjects but was elevated in two subjects (101 and 108) by 0.6 and 1.2 log units. The dark-adapted absolute threshold at 60°for controls was 1.56 log mAsb 9 0.16 S.D., n = 38 and for XLRS, 1.79 log mAsb 9 0.65 S.D., n =13; P = 0.15. Eleven subjects were within the normal range, but two subjects (108 and 113) had a 1.5 log unit threshold elevation above normal mean. We found no correlation between these thresholds at central or 60°eccentricity and any of the ERG results for all XLRS subjects.
Discussion
The results indicate that this condition does not affect photoreceptor function for the majority of the XLRS males we tested. We did find that two of nine XLRS males had clear abnormalities of the rod a-wave model parameters, particularly across the dimmer flashes. These results provide no indication that photoreceptor function of either the rods or cones is compromised by expression of the XLRS1 protein in these cells. This may not be surprising, because the XLRS1 protein appears to be biologically active in the proximal retina after it is released from the photoreceptors (Molday, Molday, Sauer, Hicks, & Weber, 2000; Reid et al., 2000) .
Reductions in R max can result from loss of receptors non-specific finding in retinal degenerations. The photopic b-wave is a complex response that reflects interactions of the depolarizing and hyperpolarizing bipolar cells . In the context of ON-OFF ERG interpretation, we previously commented (Sieving, 1993 , c 7) on the photoreceptor to bipolar cell synaptic differences: HBCs have a chemical sign-preserving photoreceptor synapse, whereas DBCs have a sign-inverting g-protein-coupled synapse with an inherently higher gain but a signaling lag compared to the chemical synapse ( fig. 8 , Sieving et al., 1994) . This may well influence the ERG responses to long flash stimuli for some degenerative retinopathies. The correspondence of the b-wave to activity of depolarizing bipolar cells is well established for dark-adapted responses (Gurevich & Slaughter, 1993; Xu & Karwoski, 1994; Robson & Frishman, 1995) . For the photopic ERG, however, the correspondence breaks down, since the shape and amplitude of the b-wave are influenced by HBC activity . Consequently, the photopic b-wave amplitude cannot be taken as a direct measure of activity of the DBC/ON-pathway. The dwave response to stimulus termination similarly appears to have an interplay between the DBC/ON-pathway and the HBC/OFF-pathway, and consequently, the dwave does not reflect activity exclusively of the OFFpathway . Consequently, we cannot conclude from this study that XLRS affects the ONpathway exclusively.
The XLRS photopic flicker ERG amplitude was reduced, and the phase was delayed across all intensities. The primate photopic sine-wave flicker ERG has major contributions from both the ON-and OFF-pathways (Kondo & Sieving, 2001) . Reducing the amplitude of either the ON-or OFF-components by half or more, but not altering the second component, changed the phase considerably but affected the amplitude of the fundamental flicker harmonic response only minimally. In the case of XLRS, the major amplitude reduction seen in the 32 Hz fundamental response would require impaired activity of both the ON-and OFF-components. The major disclaimer is that the XLRS flicker was elicited with flashes and not sine-wave stimuli. Work in progress, however, shows a major overlap of results of flicker responses elicited with flash impulse versus sine-wave stimuli, and the above analysis of XLRS flicker results remains valid.
The XLRS flicker result can also be considered in the context of congenital stationary nightblindness (CSNB), in which functional impairment appears to be limited primarily to the ON-component (Miyake, Yagasaki, Horiguchi, & Kawase, 1987; Houchin, Purple, & Wirtschafter, 1991; Young, 1991) . The flicker ERG in complete CSNB individuals has a delayed fundamental component but no appreciable amplitude reduction (Kim, Bush, & Sieving, 1997) . This CSNB observation is consistent with the simulation vector model (Kondo & Sieving, 2001) in that a 50% reduction in the ONcomponent causes a 35°delay in the flicker fundamental phase but only a minimal amplitude change. As the XLRS subjects had both reduced amplitude and increased phase of the fundamental component, our interpretation is that both the ON-and OFF-components are impaired in XLRS. The flicker abnormality was not limited to just the first harmonic, and consequently, the current standard interpretation of flicker origins (Falsini et al., 1994 (Falsini et al., , 1999 would imply that the abnormality does not localize to the photoreceptors.
We could find no particular correlation between genotype and ERG, although subject 102 who had a deletion in exon2 and/or 3 had the smallest ERG values. Subjects 105 and 106, who were brothers (mutation W96R), had comparable ERG values that were generally smaller than other XLRS subjects. However, brothers 112 and 113 had discordant ERG results. Subject 104, who was mildly affected based on genotype (mutation G70A), had normal ERG amplitudes, but his b/d ratio was less than 1.0 because he had an abnormally large d-wave. Consistent with other reports (Bradshaw et al., 1999) , we found no correlation between age and severity of disease based on ERG data. Since visual function declines in the sixth decade, (Weleber, 1981) , we excluded subjects over 50 years of age in the analysis. However, we did test two older XLRS subjects: an 80 year old (X6, 533 G to A, G178D) and a 64 year old, the grandfather of subject 109 (X6, 596 T to C, I199T), whose mutations have been previously reported (RS Consortium, 1998) . The psychophysical and ERG results of the 80 year old were comparable to those of subject 102 (43 years old) except for smaller dark-adapted b-wave amplitudes to the blue and white flashes, and a larger phase delay of 420 degrees for the 32 Hz flicker. All results of the 64 year old were comparable to those of subject 110 (32 years old) except for the rod and cone model parameters (subject 110 was not tested), which were similar in log S to subject 102, but he had normal R max for both rods and cones. The ERG responses of subject 111 (mutation R213W) at age 13 years have been previously reported (Sieving, Bingham, Kemp, Richards, & Hiriyanna, 1999) . At age 20, his b-wave amplitudes for the dark-adapted blue and white flash were reduced by about 80 mV, but the white flash a-wave was larger by 60 mV. Note, however, that there are slight differences in the flash intensity.
In summary, our results indicate that photoreceptor function is not primarily affected in XLRS and that the inner retina dysfunction extends across both DBCs and HBCs, affecting both the ON-and OFF-pathway ERG responses that originate from the proximal retina. These data are not particularly useful for precise cellular localization of defect, however, because we cannot distinguish between deficient synaptic signaling and some form of membrane dysfunction of the DBC and HBC cells.
